Characterization of thin epitaxial emitters for high-efficiency silicon heterojunction solar cells We report silicon heterojunction solar cells with conversion efficiencies exceeding 21% using appropriately designed emitter structures comprised of highly doped thin epitaxial layers grown by plasma-enhanced chemical vapor deposition at temperatures close to 200 C. We show that at a given doping concentration, there is an optimum epitaxial layer thickness, above which the conversion efficiency is limited by Auger recombination and bandgap narrowing within the epitaxial layer. In contrast, below the optimum thickness, the conversion efficiency is limited by carrier recombination at the emitter surface of the crystalline silicon substrate. Heterojunction (HJ) solar cells with hydrogenated amorphous Si (a-Si:H) contacts have reached a high conversion efficiency of 23.7% in the lab and 21.1% in production on ntype crystalline silicon (c-Si) substrates. 1 Several groups have demonstrated conversion efficiencies above 20% on ntype c-Si using this technology. [2] [3] [4] [5] Plasma-enhanced chemical vapor deposition (PECVD) of a-Si:H at temperatures close to 200 C offers the advantage of a low thermal budget as well as preserving the bulk lifetime of low-cost Si substrates. The PECVD of a-Si:H is also appealing in that it is an established technology in large-scale production of thinfilm transistor back-planes for active-matrix displays. 6 In typical HJ solar cells known as HJ with thin intrinsic layers (HIT), thin layers of intrinsic (i) a-Si:H are grown on the c-Si substrate to passivate the surface of c-Si, followed by doped a-Si:H layers to establish electric field at the emitter and back-surface-field junctions. The HIT structure is generally more suitable for n-type than p-type c-Si substrates due to a larger valence band offset compared to the conduction band offset at the a-Si:H/c-Si heterojunction. 7, 8 As a result, HIT cell efficiencies achieved on p-type c-Si have been limited to 19.3%. 9 The development of high-efficiency HJ solar cells on p-type c-Si substrates would allow the usage of a wide range of p-type solar-grade mono-crystalline and multi-crystalline Si wafers, which are currently in widespread solar cell manufacturing. To address this issue, we proposed the HJ with engineered low-gap interlayer and thin epitaxial emitter (ELITE) cell structure and demonstrated conversion efficiencies well above 20% on p-type c-Si substrates. 8, 10 In this Letter, we discuss the characterization of the thin epitaxial emitters for realizing high-efficiency ELITE cells and identify the mechanisms responsible for efficiency loss in these structures.
The schematic cross-section and equilibrium energy band diagram of the ELITE cells are illustrated in Figs. 1(a) and 1(b), respectively. At the emitter, the i a-Si:H layer used for surface passivation in HIT cells is replaced by a thin layer of highly doped hydrogenated c-Si (n þ c-Si:H) grown epitaxially by PECVD at temperatures close to 200 C. The absorption loss in the emitter is reduced by removing the i aSi:H layer, resulting in a higher short circuit current, as demonstrated experimentally. 8 In addition, the presence of the n þ c-Si:H layer reduces the effect of interface states and the workfunction of the transparent conductive oxide (TCO) at the emitter on the performance of the solar cell, allowing the usage of low-cost TCO materials such as aluminum-doped zinc-oxide (ZnO:Al). 8 The back-surface-field contact is formed by adding hydrogenated amorphous germanium (p
H stack provides an effectively higher activated doping (due to modulation doping of p þ aGe:H) and an effectively lower valence band offset with the c-Si substrate compared to the p þ a-Si:H layer. As a result, efficient tunneling of holes through the potential barrier set by the valence band offset is facilitated without compromising the electric field. 8 The epitaxial growth of c-Si:H is accomplished by incorporating appropriate levels of hydrogen dilution in the silane (SiH 4 ) precursor gas using the same PECVD reactor, which is used for a-Si:H growth. The substrate dependence of PECVD growth is well known, and given sufficiently high hydrogen dilution, the grown layer may vary from fully amorphous to single-crystalline depending on the substrate type. [11] [12] [13] Epitaxial growth is attributed to in-situ removal of weak Si-Si bonds from the growth surface by hydrogen radicals in plasma, allowing the grown layer to follow the crystalline structure of the substrate. The c-Si:H film may be doped in-situ by adding phosphine (PH 3 ) to the gas mixture, resulting in activated doping levels up to 2 Â 10 20 cm À3 at temperatures as low as 150 C. 13 The c-Si:H films grown by this technique are compressively strained due to the presence of hydrogen in the lattice, and large levels of compressive strain (over 0.5%) have been measured at hydrogen content levels above 10 at. %. 13 Accumulation of compressive strain leads to crystalline-to-amorphous phase transition after a critical thickness has been reached ( Fig. 2(a) ). The rough cSi:H/a-Si:H interface resulting from the undesired a-Si:H growth increases carrier recombination at the interface, reducing the open circuit voltage of the cell, and must be avoided by adjusting the growth conditions ( Fig. 2(b) ). Similarly, in HIT cells, increased carrier recombination at rough c-Si:H/a-Si:H interfaces has been observed in the case of aSi:H passivation layer growth, due to undesired c-Si:H growth. 3, 14 In both cases, single-phase material growth is preferred over mixed-phase material growth, and the undesired growth of the opposite phase must be avoided.
To characterize the emitter structure, test cells with n þ c-Si:H layer thicknesses in the range of 0-20 nm and an n þ a-Si:H passivation layer thickness of 5 nm were grown on commercially available p À /p þ c-Si substrates ( Fig. 3(a) ). An activated donor doping density (N D ) of $5 Â 10 19 cm À3 was incorporated in the n þ c-Si:H layers as estimated by sheet resistance measurements on separate test samples. A total phosphorous concentration of $2.5 Â 10 20 cm À3 was measured in the n þ c-Si:H layers by secondary ion mass spectrometry (SIMS), indicating a doping efficiency of $20%. The 2 lm thick p À c-Si layer has an acceptor doping density of $5 Â 10 15 cm À3 and serves as the absorption layer of the test cells. The p þ c-Si carrier substrate has an acceptor doping density of $2 Â 10 19 cm À3 and serves as a back-surfacefield, repelling the minority electrons from the metal contact in the back. The open circuit voltage (V oc ) of the test cells was measured under an intensity of 1 sun using a solar simulator (Fig. 4(a) ). For each of the test cells, corresponding PECVD stacks of n þ c-Si:H/n þ a-Si:H were grown on both sides of float-zone (FZ) p À c-Si substrates having an acceptor doping density of $5 Â 10 15 cm À3 and a thickness (W) of $300lm (Fig. 3(b) ), and the effective lifetime (s eff ) of minority carriers (electrons) in the p À c-Si substrate was measured by photo-conductance decay (PCD) using a Sinton WCT-120 tool (Fig. 4(b) ). The bulk lifetime of minority carriers (s bulk ) in the p À c-Si substrates is estimated to be $4.4 ms from PCD measurement of iodine-passivated p À c-Si substrates.
The V oc of the test cells improves with increasing the thickness of the n þ c-Si:H layer in the 0-7.5 nm range, reaching a maximum in the 5-7.5 nm range and degrades as the n þ c-Si:H layer thickness is further increased (Fig. 4(a) ). In all cases, including an n þ c-Si:H layer in the emitter stack results in a larger V oc compared to that without an n þ c-Si:H layer. Similarly, the measured s eff is improved by including the n þ c-Si:H layer, indicating the improvement of surface passivation (Fig. 4(b) ). This improvement is attributed to the presence of the electric field set up by the n þ c-Si:H layer, which repels the minority holes from the p À c-Si/n þ c-Si:H and n þ c-Si:H/n þ a-Si:H interfaces towards the bulk of the p À c-Si substrate. The sharp improvement of s eff by increasing the n þ c-Si:H thickness from 0 to 5 nm may be attributed to the accumulation of hydrogen at the p À c-Si/n þ c-Si:H interface, as the hydrogen profile in n þ c-Si:H exhibits a gradient towards the p À c-Si/n þ c-Si:H interface. 13 Hydrogen is well-known to passivate the dangling bonds at the surface of c-Si. Using the relation 1/s eff ¼ 1/s bulk þ 2S eff /W, the effective surface recombination velocity (S eff ) of minority carriers at a density of 10 15 cm À3 is estimated to reduce from $100 cm/s to $4 cm/s, as the thickness of the n þ c-Si:H layer is increased from 0 to 5 nm. The measured s eff degrades as the n þ c-Si:H thickness is further increased, similar to the trend observed for V oc .
To investigate the degradation of V oc and s eff at n þ cSi:H thicknesses above $7.5 nm, the dark current density of the test cells (J 0 ) was calculated from the relation J 0 ¼ J sc exp (ÀqV oc /kT), where J sc is the short circuit current density of the cells ($11 mA/cm 2 ), q is the electron charge, k is the Boltzmann constant, and T is the absolute temperature. The contribution of the emitter junction to the dark current density (J 0E ) was calculated from the relation J 0E ¼ qn i
where Dn is the density of minority carriers from the PCD measurement. 15 It is observed that J 0 > J 0E (Fig. 4(a) ). The difference between J 0 and J 0E is due to recombination within the p À c-Si layer and/or at the back surface and is expected to be the same for all n þ c-Si:H thicknesses. The variation in the experimental values of J 0 À J 0E (148 6 36 fA/cm 2 ) is mainly due to the experimental inaccuracy in determining J 0E from the PCD measurements. Assuming negligible recombination in the depletion region, J 0E may be expressed as
where D h and L h are the diffusion constant and the diffusion length of minority holes in n þ c-Si:H, respectively; n i is the intrinsic carrier concentration in Si, DE g is the bandgap narrowing in n þ c-Si:H, and F N is defined as 16, 17 
where W N is the thickness of the n þ c-Si:H layer, and S h is the surface recombination velocity of minority holes at the n þ c-Si:H "surface," i.e., at n þ c-Si:H/n þ a-Si:H interface. (Note that S h and S eff are different parameters, as S eff represents the effective rate at which minority electrons generated in the p À c-Si substrate are recombined at the p À cSi surface, including the p À c-Si/n þ c-Si:H interface, within the n þ c-Si:H layer where electrons are the majority carriers, and the n þ c-Si:H/n þ a-Si:H interface.) If W N ( L h , then F N % 1, and J 0E becomes nearly independent of W N . This would apply to a thick and/or highly defective n þ c-
where L sh is a characteristic length defined as
where s h is the recombination lifetime of minority holes in n þ c-Si:H) and may be interpreted as an effective distance from the n þ c-Si:H surface within which all minority holes existing in n þ c-Si:H are recombined at the n þ c-Si:H surface, rather than in the bulk of (3)), and J 0E becomes nearly independent of S h , but linearly proportional to W N , and may be expressed as Fig. 3(a) , and the contribution of the emitter junction to the dark current density calculated from PCD measurements on test structures of Fig. 3(b) ; and (b) effective minority carrier lifetime versus minority carrier density from PCD measurements on test structures of Fig. 3(b) .
The linear dependence of J 0 (and J 0E ) on the n þ c-Si:H layer thickness observed in Fig. 4(a) implies that Eq. (4) applies to n þ c-Si:H layers thicker than $7.5 nm. Assuming that DE g is purely a function of activated doping in n þ c-Si: 18) ), a minority hole lifetime of s h % 100 ps is extracted from a least square fit to J 0 (Fig. 4(b) ), which corresponds to a minority hole diffusion length of L h % 200 nm. 18, 19 (J 0 was used for curve fitting rather than J 0E , since a relatively smaller experimental error is expected in the calculation of J 0 ). Assuming S h is, to the first order, of the same magnitude as S eff when n þ c-Si:H is omitted, i.e., $100 cm/s, L sh is found to be $0.1 nm, consistent with the assumption of L sh ( W N .
To investigate the difference between J 0 and J 0E , test cells with 7.5 nm/5nm thick n þ c-Si:H/n þ a-Si:H emitter stacks and various p À c-Si layer thicknesses in the range of 0.5-1.75 lm were prepared by thinning the p À c-Si layer using wet etching. The measured J sc and V oc both decreased by reducing the thickness of the p À c-Si layer due to lower light absorption; however, the change in the calculated J 0 was negligible. This indicates that recombination within the p À c-Si layer is small and the difference between J 0 and J 0E is mainly due to the contribution of the back-surface-field to the dark current density (J 0,BSF ), i.e., J 0 ¼ J 0E þ J 0,BSF. The value of J 0,BSF may be estimated by rewriting Eqs. (1) and (2) for the p þ c-Si region (note Eq. (2) will be equal to 1 since the p þ c-Si substrate is thick). Using the parameters reported for p þ c-Si regions, 20 it is straightforward to verify that the experimentally determined value of 148 6 36 fA/cm 2 for J 0,BSF is reasonable.
The values of s h and L h extracted for n þ c-Si:H are lower than that measured in conventionally doped n þ c-Si having the same activated doping density of 5 Â 10 19 cm
À3
(s h % 1 ns and L h % 600 nm 16, 17 ). This indicates a higher density of structural defects in n þ c-Si:H compared to conventionally doped n þ c-Si at the same activated doping level. The quality of the n þ c-Si:H layer is affected by growth conditions such as plasma power density, hydrogen dilution, and dopant gas flow ratio, as well as surface cleanliness and crystalline orientation of the c-Si substrate. The open circuit voltage is the solar cell parameter which is affected most by the structural quality of n þ c-Si:H, as discussed above in terms of minority hole lifetime. The thin epitaxial emitter structure was applied to $280 lm thick FZ p-type c-Si substrates textured by random pyramids, and a high conversion efficiency of 21.4% (V oc ¼ 682 mV, J sc ¼ 39.1 mA/cm 2 , FF ¼ 80.2%) was achieved in conjunction with an improved back-surfacefield stack. 10 Low-cost ZnO:Al was sputtered at room temperature to form the top and bottom electrodes, followed by a lift-off process to form the front metal grid, resulting in a shadowing loss of $3%. All process steps were carried out at temperatures below 200 C. The measurements were performed on 1 cm 2 cells using an aperture area of 0.92 cm 2 to eliminate edge effects and calibrated against independently measured baseline ($20% efficiency) ELITE cells for accuracy. 8 Further optimization of the front and back PECVD stacks yielded a larger V oc of 710 mV, at the cost of a slight degradation of the fill-factor (FF) to 78.6%. The total integrated J sc of the optimized cells was determined to be 40.6 mA/cm 2 by external quantum efficiency measurement (with no shadowing loss from the front metal grid), corresponding to a J sc of 39.3 mA/cm 2 at 3% shadowing and a conversion efficiency of 21.9%.
In summary, we discussed the characterization of highly doped thin epitaxial layers grown by PECVD for realizing high-efficiency heterojunction solar cells and reported conversion efficiencies exceeding 21% on p-type c-Si substrates. Interface recombination at the emitter surface and bulk recombination within the thin epitaxial emitter were identified as the dominant mechanisms responsible for efficiency loss depending on the thickness of the epitaxial layer.
